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ABSTRACr

Levels of ethylene biosynthesis and ethylene-inducible gene expression
in wild-type tomato (Lycopersicon esculentum) fruit and in nonripening
fruit from the tomato mutant rin (ripening inhibitor) were compared in
order to investigate the mechanism of ethylene action. Whereas wild-
type tomato fruit dramatically increase the rate of ethylene biosynthesis
at the onset of ripening, rin fruit constitutively produce ethylene at a low
basal level. We have compared the mRNA levels and transcription rates
of four cloned ethylene-inducible genes (JE Lincoln, S Cordes, E Read,
RL Fischer 1987 Proc Natl Acad Sci USA 84: 2793-2797) during wild-
type and rin fruit development. In wild-type fruit, both mRNA levels and
transcription rates of these genes increase. The effect of the rin mutation
on gene expression is different for each ethylene-inducible gene. In one
case expression is completely suppressed, while in other instances it is
either partially inhibited or relatively unaffected by the mutation. The
mRNA levels of each of these genes in response to exogenous ethylene
in rin fruit was also measured. The mRNAs for all four genes accumulate
to similar levels in both ethylene treated nn and ethylene treated wild-
type fruit. These results are discussed with regard to the response of
plants to ethylene hormone at the level of gene expression.

The plant hormone ethylene affects many aspects of plant
development (2, 10) and is thought to regulate the ripening of
many climacteric fruits, such as tomato (3, 13, 21, 27). For
example, the onset of tomato fruit ripening is associated with an
increase in ethylene biosynthesis, the onset is hastened when
unripe fruit are exposed to exogenous ethylene, and the removal
of ethylene from fruit or exposure of fruit to specific inhibitors
of ethylene biosynthesis greatly retard ripening. Thus, ethylene
influences the developmental processes associated with tomato
fruit ripening.
One hypothesis for the mechanism of ethylene action is that

it controls the expression of specific genes. Exposure of unripe
tomato fruit to exogenous ethylene has been shown to increase
both the concentration of specific mRNAs (11, 15) and the
transcription rate of specific genes (12) which are expressed
during ripening. We have previously shown that the activation
of expression of certain ethylene-inducible genes during tomato
fruit development coincides with the increase in endogenous
ethylene levels, while the induction of others precedes the in-
crease in ethylene levels. These results suggested that both levels
of ethylene and sensitivity to basal levels of ethylene play a role
in the regulation of gene expression (1 1).
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The tomato fruit ripening mutant rin2 has been an important
tool in comparative biochemical and physiological studies with
wild-type ripening genotypes (4, 6, 16, 17, 22). Normal ripening
processes (e.g. chlorophyll degradation, synthesis of carotenoid
pigments, breakdown of cell wall components, climacteric res-
piration, increased ethylene biosynthesis) are all inhibited by the
rin mutation. All other aspects of rin plant growth and develop-
ment with the exception of calyx size appear to be normal. We
report here the mRNA levels and relative transcription rates of
ethylene-inducible genes during rin fruit development and upon
exposure of rin fruit to exogenous ethylene. We discuss these
results with regard to the regulation of gene expression by ethyl-
ene levels and sensitivity.

MATERIALS AND METHODS
Plant Material. Wild-type (Lycopersicon esculentum cv Ailsa

Craig) and isogenic rin (ripening inhibitor) (14) tomato plants
were grown under standard greenhouse conditions. Wild-type
and rin fruit appear similar during the early stages of fruit
development before the onset of ripening. Wild-type and rin
immature fruit were 50% full size. Mature green stages MGI,
MG2, and MG3 of wild-type and rin fruit were identified by the
extent of locular tissue breakdown (1 1). In wild-type fruit the
onset of ripening is thought to occur at the MG4 stage, when the
level of ethylene biosynthesis increases and traces of yellow and
red carotenoid pigments accumulate in the interior of the fruit.
Because ripening is inhibited by the rin mutation, later stages
were defined by fruit age (DPA). Forty-two DPA wild-type fruit
were MG3 to 50% red. Forty-two DPA rin fruit were mature
green, although traces of yellow pigment could be detected on
the exterior of some fruits. Sixty-two DPA fruit were red ripe for
wild-type and light yellow for rin fruit.
Exposure of Tissue to Ethylene. Approximately 1 kg of ma-

ture green fruit was placed in a 25-L chamber and exposed to
4.5 L per min of 10 ,uL/L ethylene in humidified air.
Wounding of Tissue. MG I fruit pericarp was cut into slices 2

mm thick using a razor blade. The slices were placed on filter
paper moistened with distilled water in a 50-mL container which
was then sealed. One-mL samples of gas were removed, and the
ethylene content was determined by gas chromatography (Varian
500).
mRNA Isolation. Fruit pericarp was frozen in liquid nitrogen

and stored at -80°C. Polysomal, poly(A)+ mRNA was isolated
using procedures described elsewhere (1 1).
In Vitro Nuclear RNA Synthesis and I32PInRNA Isola-

tion. Nuclei isolation, [32P]nRNA synthesis, and [32P]nRNA iso-
lation were carried out as described elsewhere (12, 26). Under

2Abbreviations: rin, ripening inhibitor tomato mutant; MG, mature
green; DPA, days post-anthesis; [32P]nRNA, in vitro 32P-labeled nuclear
RNA transcripts.
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these conditions [32P]UTP incorporation was reduced by 45% in
the presence of 2 ,ug/ml of a-amanitin, transcript sizes ranged
from 0.1 to 4.0 kb, and transcription was asymmetric.
DNA Gel-Blot Hybridization. Five ,ug of plasmid DNA was

digested with appropriate restriction endonucleases, and the
cDNA insert was separated from the vector DNA by agarose gel
electrophoresis. The DNA was then blotted onto nitrocellulose
as described by Southern (23), and hybridized with [32P]nRNA
for 48 hr at 42°C. The hybridization buffer contained 10 mm Tes
(pH 7.4), 1 mm EDTA, 0.2% SDS, 300 mm NaCl, 30% form-
amide, and 0.2 mg/ml polyadenylic acid.
RNA Dot-Blot Hybridization. RNAs were bound to nitrocel-

lulose and then hybridized with a mass excess of [32P]-labeled
plasmid DNA as described by Thomas (24).

Plasmids. pE4, pE8, pEI7, and pJ49 are cDNA clones of
ethylene-inducible genes from wild-type tomato fruit, Lycoper-
sicon esculentum cv VFNT Cherry (11, 12). pD21-3 is a control
cDNA clone. D2 1-3 mRNA concentration is constant (approxi-
mately 0.5% mRNA mass) during wild type tomato fruit ripening
and does not change in response to ethylene treatment (12).

RESULTS
Ethylene Production in Wild-Type and rin Fruit. The ethylene

production rates during wild-type and rin tomato fruit develop-
ment were measured. Unripe wild-type fruit (immature, MGl,
and MG2) evolved ethylene at a low, basal rate (Fig. IA). At the
MG3 stage a small increase in ethylene evolution rate was
detected, and by the MG4 stage when overt signs of ripening
occur, the ethylene evolution rate sharply increased. In contrast,
rin fruit did not exhibit a burst of ethylene production during
development characteristic ofwild-type fruit (6), but did produce
ethylene at a low basal level throughout fruit development (Fig.
1A). Though ethylene production is inhibited during rin fruit
development, the fruit are capable of producing large amounts
of ethylene in response to wounding (6, 17). The rate of ethylene
production in wounded unripe rin fruit was found to be identical
to that of wounded unripe wild-type fruit (Fig. 1B).
Changes in Gene Expression during Wild-Type and nn Fruit

Development. We have previously analyzed the expression of
four ethylene-inducible genes (E4, E8, El 7, and J49) from wild-
type tomato fruit (1 1, 12). Several results demonstrated regula-
tion by ethylene levels for all four genes. (a) Messenger RNA
encoded by each gene rapidly accumulated in response to exog-
enous ethylene. (b) Norbornadiene, a specific competitive inhib-
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itor of ethylene, inhibited expression of each gene. (c) During
fruit ripening, the activation of E4 and E8 gene transcription
coincided with the increase in endogenous ethylene levels. How-
ever, we also found evidence suggesting that changes in sensitivity
to ethylene also played a role in the regulation of El 7 and J49
gene expression. That is, activation of El 7 and J49 gene tran-
scription preceded the burst in ethylene biosynthesis.
To continue our investigation of the role of ethylene in the

expression of these genes, the levels of E4, E8, El 7, and J49
mRNAs were compared during wild-type and rin fruit develop-
ment. E4 and E17 mRNA levels remain very low throughout rin
fruit development (Fig. 2). The level ofE8 mRNA is significantly
suppressed, and accumulates to only 30% of the level attained
during wild-type fruit development. J49 mRNA accumulation
during fruit development is only slightly depressed by the rin
mutation. From these results we conclude that the rin mutation
inhibits the accumulation of some but not all ethylene-inducible
mRNAs during fruit development.

Transcriptional Regulation of Gene Expression during Wild-
Type and rin Fruit Development. To determine whether tran-
scriptional processes were responsible for the observed changes
in mRNA concentration, we isolated nuclei from MG1 and 42
DPA fruit harvested from wild-type and rin plants and used the
nuclei to synthesize [32P]nRNA. The [32P]nRNA was purified
and hybridized to blotted cDNA clones. Others have shown that
the extent of hybridization estimates [32P]nRNA concentration,
which is proportional to the rate ofgene transcription (7, 8). The
degree of hybridization to each of the cDNA inserts is shown in
Figure 3. Our results show that transcription of the E4 gene is
significantly suppressed in rin fruit compared to wild-type fruit.
E8 and J49 gene transcription, which greatly increase in 42 DPA
wild-type fruit, are substantially reduced in 42 DPA rin fruit. In
contrast, the El 7 gene transcription rate is not significantly
affected by the rin mutation. El 7 gene transcription is low in
wild-type and rinMG I fruit and increases approximately twofold
in both wild-type and rin 42 DPA fruit. The transcription rate
of a control clone, D21-3, is high and does not change signifi-
cantly during development in both wild-type and rin fruit. We
conclude from these data that the rin mutation inhibits the
transcriptional activation of some, but not all ethylene-inducible
genes during fruit development.
El 7 gene transcription during both wild-type and rin fruit

development increases twofold but the mRNA level (Fig. 2)
increases 20-fold in wild-type fruit and remains basal in rin fruit.

FIG. 1. Ethylene evolution during fruit develop-
ment and upon wounding of fruit pericarp. (A) Indi-
vidual wild-type fruit (0) or rin fruit (0) were placed
in 100-mL containers that were sealed and incubated
1 h. A 1-mL sample from the closed atmosphere was
removed and the ethylene content was determined by
gas chromatography (Varian 500). Results represent
the mean ± standard deviation. (B) MGI pericarp of
wild-type fruit (0) or rin fruit (0) were wounded and
the rate of ethylene evolution determined as described
in the "Materials and Methods."

imm MGl MG2 MG3 MG4 1/2 R 0 30 60 90 120
imm MGI MG2 MG3 42 DPA 62 DPA Time after fruit wounding (min)
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FIG. 2. Accumulation of specific mRNAs during fruit
development. One microgram of mRNA from wild-type
fruit (0) or rin fruit (0) at the indicated stages was dotted
onto nitrocellulose filters and hybridized with the cloned
32P-labeled DNA probes. Following autoradiography,
each dot was excised, and the extent of hybridization was
determined by liquid scintillation spectrometry. Maxi-
mum cpm hybridized for each 32P-labeled DNA probe
was 6652 cpm for E4, 2692 cpm for E8, 2311 cpm for
E17, and 3884 cpm for J49.

imm MGI 42 DPA 62 DPA imm MG1

A BO

E4
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..4 ..
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FIG. 3. Relative rate of gene transcription during fruit development.
Nuclei were isolated from wild-type MGl fruit (lane A), wild-type 42
DPA fruit (lane B), rin MGl fruit (lane C), rin 42 DPA fruit (lane D).
[32P]nRNA was synthesized and hybridized with DNA gel blots of the
designated cDNA clones. Blots were then treated with RNAse A accord-
ing to Walling el al. (26) and autoradiographed for 2 d (E4, E8, and D2 1-

3)or9d(El7andJ49).

42 DPA 62 DPA

This result suggests that the rin mutation inhibits the accumu-
lation of El 7 mRNA at the post-transcriptional level.

Induction of Gene Expression by Exogenous Ethylene in
rin. One possibility is that low ethylene levels are responsible for
the inhibition of E4, E8, and E17 mRNA accumulation in rin
fruit. To test this hypothesis, rin fruit were exposed to exogenous
ethylene and the mRNA levels were measured. We isolated
mRNA from 35, 42, and 62 DPA rin tomato fruit exposed to 10

,uL/L ethylene for 10 h and found that exposure of rin fruit to
exogenous ethylene results in the accumulation of the E4, E8,
and El 7 mRNAs. In addition, we found that J49 mRNA con-
centration also increased in response to exogenous ethylene (Fig.
4). The degree to which exogenous ethylene affects these specific
mRNA concentrations varies depending on the age of the fruit.
E4 and E8 mRNA levels accumulate to higher levels in 62 DPA
fruit than in 35 DPA fruit. The reverse is true for El7 and J49,
where exogenous ethylene leads to higher mRNA concentrations
in 35 DPA fruit than in 62 DPA fruit. We conclude that these
genes are capable of responding to exogenous ethylene by rapid
changes in mRNA levels in both wild-type (1 1) and rin tomato
fruit.

DISCUSSION

Ethylene and the tin Mutation. The rin mutation affects many
aspects of tomato fruit ripening. However, one of the most
striking characteristics of rin fruit is that they synthesize basal
levels of ethylene throughout development and lack the large
increase in ethylene production characteristic of wild type fruit
(Fig. lA). Others have attempted to induce ripening by treating
rin fruit with exogenous ethylene (5, 6, 20). Ethylene treated rin
fruit exhibit an increase in respiration and lycopene pigment
levels, but do not exhibit autocatalytic ethylene production and
do not ripen completely. It has been suggested that rin fruit are
lacking certain ripening specific ethylene receptors (19). We
found that rin fruit exposed to exogenous ethylene expressed
ethylene-inducible genes (Fig. 4). This suggests that for the reg-
ulation of these genes, rin fruit have the capacity to interact with
elevated levels of ethylene in a manner similar to that of wild-
type fruit. However, measurements of ethylene-inducible gene
expression in response to various ethylene concentrations (dose
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FIG. 4. Accumulation of specific mRNAs in ethylene treated rin fruit.
RNA was isolated from rin fruit of the indicated ages either untreated
(-) or treated with 10 ,L/L ethylene in air for 10 h (O). RNA was dotted
onto nitrocellulose filters and hybridized with the indicated 32P-labeled
DNA probes. Following autoradiography, each dot was excised, and the
extent of hybridization was determined by liquid scintillation spectrom-
etry. Maximum cpm hybridized for each 32P-labeled DNA probe was

1143 cpm for E4, 1958 cpm for E8, 438 cpm for E17, and 1328 cpm for
J49.

response curves) may reveal more subtle differences in ethylene
perception between wild-type and rin fruit.

Regulation of Gene Expression by Ethylene. It has been pro-
posed that cellular responses to plant hormones are mediated by
changes in hormone concentration and by changes in sensitivity
to hormones (25). Physiological evidence indicates that ethylene-
mediated processes such as leaf abscission (1), flower senescence
(9), and fruit ripening (18, 27) involve changes in both ethylene
levels and sensitivity to ethylene. We have previously reported
molecular evidence that ethylene levels and sensitivity play a role
in regulating the expression of four ethylene-inducible genes (E4,
E8, El 7, and J49) during fruit ripening (11, 12). We have shown
that rin fruit synthesize constitutive basal ethylene levels (Fig.
1A) and respond to ethylene by activating E4, E8, El 7, and J49
gene expression (Fig. 4). These results suggest that by comparing
the expression of ethylene-inducible gene expression during rin
and wild-type fruit development, it may be possible to distinguish
between the regulation ofgene expression by changes in ethylene
concentration from changes in sensitivity to ethylene. That is,
one would expect the former to be inhibited in rin fruit, whereas
the latter might be unaffected by this mutation.
During rin fruit development we find that E4 and E8 mRNA

levels (Fig. 2) and relative rates of gene transcription (Fig. 3) are

substantially inhibited. However, exposure of rin fruit to ethylene
activates their expression (Fig. 4). These data are consistent with
our hypothesis that E4 and E8 gene expression is regulated by
changes in ethylene concentration ( 11, 12). Since E8 gene expres-
sion still occurs at 30% of wild-type levels, this result suggests
that during fruit development, E8 gene expression may also be
influenced by changes in ethylene sensitivity or by factors other
than ethylene. Although J49 gene transcription (Fig. 3) is par-
tially suppressed, the fact that the J49 mRNA levels (Fig. 2) are
relatively unaffected by the rin mutation suggests that changes
in ethylene sensitivity, or possibly factors other than ethylene,
regulates J49 gene expression during rin fruit development.
The regulation of El 7 gene expression is perhaps the most

complex. Although El 7 gene transcription (Fig. 3) is not signif-
icantly affected by the rin mutation, E17 mRNA does not
accumulate (Fig. 2). This result suggests that El 7 gene transcrip-
tion is activated by increased sensitivity to the basal levels of
ethylene in rin fruit, but that post-transcriptional processes,
essential for the accumulation of El 7 mRNA, require increased
levels of ethylene. This result is consistent with previous experi-
ments that indicated that ethylene regulates El 7 gene expression
in wild type fruit at both transcriptional and post-transcriptional
levels (12). However, these results are not consistent with the fact
that the accumulation of E17 mRNA during wild-type fruit
development occurs before the onset of elevated ethylene biosyn-
thesis (1 1). Thus, processes that allow the El 7 mRNA to accu-
mulate in wild-type fruit when the level of ethylene is basal are
not functioning in the rin fruit. Identification of the processes
involved will require a greater understanding of the biochemical
defects associated with the rin genetic lesion.

In summary, we have investigated the regulation of gene
expression in wild-type and rin fruit. We have found that the rin
mutation causes ethylene levels to remain at basal levels through-
out fruit development. We have shown that these reduced levels
of ethylene inhibit transcriptional activation of the E4 gene and
significantly reduces E8 and J49 gene transcription, although
J49 mRNA shows normal patterns of accumulation. In contrast,
the El 7 gene exhibits relatively normal patterns of gene tran-
scription but El 7 mRNA accumulation is inhibited. These re-
sults suggest that during fruit ripening, gene expression is regu-
lated by both ethylene levels and sensitivity to ethylene, at both
transcriptional and post-transcriptional levels. The molecular
basis for these kinds of regulation by ethylene will be better
understood when the nucleotide sequences and cellular factors
that regulate ethylene-inducible gene expression are isolated and
analyzed.
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